Abstract: Dye-doped polymer microdroplet resonators were fabricated by injecting dye solutions into a low refractive index UV curable polymer. The self-assembled microdroplets had the various sizes ranging from 5 to 200 μm. Pumped by a pulse laser, whispering-gallerymode (WGM) lasing emission from the microresonators was achieved. Experimental results show that the microresonators had the advantages of high-Q factors, low lasing thresholds, and good long-term stabilities. The injection method can provide a promising approach for fabricating the high-Q WGM microresonators, which had some potential applications in the fields of tunable microlasers and on-chip biosensing system.
Fabrication of Lasing Whispering Gallery Mode Microresonators by Controllable
Injection Method
Introduction
Whispering-gallery mode (WGM) microresonators, which possess ultrahigh quality (Q) factors [1] - [4] , are widely used in the scientific fields of semiconductor lasers, biological sensors, optical filters, and modulators [5] - [10] . Currently, various WGM microresonators with different geometries and materials, such as liquid droplets, solid microspheres, toroid or ring resonators, microtubes, microfibers, have been proposed [11] - [16] . The liquid droplets have attracted much attention due to the easy and cost-effective fabrication process [17] . Based on the surface tension of liquids, microdroplet resonators have smooth surfaces and controllable sizes and shapes, which provides high Q factors and frequency-tunable resonance modes [18] , [19] . However, compared to the solid WGM resonators, the liquid droplet resonators have the drawback of structural instability. An easy method to address this problem is to solidify the media surrounding the micro-droplets [20] - [22] . The elastomers or polymers are solidified after injecting dye-doped microdroplets into them. The solidified surrounding medium avoid the mechanical instability and the shapes of the microdroplets could be controlled by external pressure to achieve tunable wavelengths of lasing. However, the above method cannot control the droplet size precisely. Moreover, the refractive index of the surrounding medium is usually too high, which could not obtain lasing emission from the micro-droplets of which the diameters are smaller than 50 μm [22] . In this paper, we propose a novel method to fabricate WGM micro-droplet resonators. We use a glass electrode to inject the dye solution into a low refractive index UV curable polymer. The dye solution becomes a spherical droplet through the self-assembling process and the droplet size could be controlled by changing the gas volume. Then the droplet is solidified quickly by UV irradiation to ensure its structural stability. Thanks to the low refractive index polymer, the WGM lasing emission can be observed from very small droplets, in which few modes are excited and a clear laser spectrum is achieved. The micro-droplet resonators have high stability and maintain the advantages of the traditional micro-droplet resonators, such as high Q factors and good tunable ability. The whole fabrication process is cost effectively and handled flexibly, which has several potential applications in micro-lasers and integrated biosensing devices.
Experiment and Analysis
The dye solution for the micro-droplets were prepared by dissolving Rhodamine B (RhB, SigmaAldrich) in SU-8 negative photoresist (SU-8 2002, Microchem) at a concentration of 1 mg/1 ml, with SU-8 being as a polymer matrix for optical pumped solid state dye laser. The surrounding polymer was the UV curable polymer MY133 (MY Polymers) with a refractive index of 1.336 at λ = 589 nm [23] , [24] . The sample holder was fabricated by polydimethylsiloxane (PDMS) elastomer (Sylgard 184 Silicon Elastomer, Dow Corning), which has excellent transparency, elasticity, stability, and molding capability [25] with a refractive index of 1.40. Fig. 1(a) demonstrates the fabrication process for the micro-droplets. The dye solution was injected into the low-refraction-index polymer through a glass electrode with an inner diameter of 20 μm, which connects to a self-contained pressure system (Picospritzer III). The sizes of micro-droplets were controlled by the injecting volume of the dye solution, which depends on both the injection time (larger than 1 ms) and gas pressure (from 0 to 100 psi). After the injecting solution became microspheres due to the self-assemble effect, the surrounding polymer medium was solidified by UV exposure for 1 to 2 minutes. Fig. 1(a) The micro-spherical droplets were characterized with setup showed in Fig. 1(b) . The sample was pumped with a Nd:YAG pulsed laser at λ = 532 nm with a repetition rate of 10 Hz and pulse width of 30 ps. The pump beam was focused on the microsphere by optical lens and the emitted light was measured with a fiber bundle connecting to a monochromator (Acton SpectraPro 2750) and a cooled charge coupled device (Andor iXonEM) with spectral resolution of 0.023 nm.
Results and Discussions
We fabricated micro-droplet resonators with various diameters by changing the dye solution injection time and gas pressure. Fig. 2(a) shows four droplets with diameters of 40 ± 1 μm, demonstrating high repeatability of the fabrication. The diameters of droplets increase with injection time at pressure of 10 psi (see Fig. 2(b) ) and the droplet volume was found to change linearly with injection time (see Fig. 2(c) ). We were able to fabricate the micro-droplet resonators with the diameters ranging from 5 to 200 μm through the injection volume adjustment.injection time and droplet volume (see Fig. 2(c) ). By changing the injection volume, we obtained microcavities with diameters ranging from 5 to 200 μm through the injection volume adjustment. Fig. 3(a) is the microscope picture of a microsphere with diameter of 52 μm and its the lasing emission in the range of 585-635 nm is shown in Fig. 3(b) . The field distribution of the WGMs can be separated as E (r , θ, ϕ) = E r (r )E θ (θ)E ϕ (ϕ) in spherical coordinate, the radial, polar and azimuthal field distribution of WGM can be written as the following equations, respectively [26] : where j m and h (1) m are the mth order spherical Bessel function and the mth order spherical Hankel function of the first kind, A, B are the coefficients determined by the boundary conditions. P l is the lth order associated Legendre polynomials and coefficient. N θ is the normalization constant and R is the radius of the microsphere. n 1 , n 2 denote the refractive index of SU-8 and MY133 polymer, respectively. l, m, n are the azimuthal, polar and radial mode numbers of WGMs, respectively. Fig. 3(c) shows the normalized field intensity distribution of different polar orders in a 52 μm microsphere calculated by finite element method (FEM). For the fundamental WGM, l equals to m and the mode field is confined within the equatorial plane of the microsphere. In the case of high order polar WGMs, i.e., l = m, the mode filed extend into two sides of the equatorial plane. Therefore, the lasing emission as shown in Fig. 3(b) includes high order polar WGMs.
Lasing emission spectra of the microspheres with different diameters are shown in Fig. 4 . We found only one set of longitudinal modes lasing in the smaller microspheres referring to Fig. 4(a) and (b). However, for the larger microspheres, different sets of longitudinal modes, i.e., multi-transverse- mode lasing, were observed in Fig. (c) and (d) . Since a smaller microsphere caused a larger surface curvature, the bending loss of the WGMs propagating along the rim of the microsphere was high, which increased the lasing threshold and demonstrated less lasing modes in the spectra. The maximal Q values of the lasing WGMs were estimated to more than 8000 through Lorentz function fitting.
The free spectral range (FSR) is given from the equation
where n e is the effective refractive index of the WGMs propagating in the microsphere with a diameter D. We calculated ne by FEM and according to (4) the average FSR values of the longitudinal lasing modes in Fig. 4 (a)-(d) are 4.48, 2.72, 1.96, and 0.85 nm, respectively, which agrees well with the experimental results given in Fig. 4 . Fig. 5(a) shows the output lasing emission spectra of a microsphere with diameter of 66 μm under different pump energies. Lasing appeared when pump energy was larger than 0.87 μJ and more lasing modes were excited as increasing the pump energy. The light-light (L-L) curve shown in Fig. 5(b) was calculated by integration of emission spectrum and the lasing threshold is found to be 0.86 μJ which was marked in Fig. 5(b) . Fig. 5(c) shows the emission spectrum of a microsphere with a diametr of 66 μm after storage of six months, which proves the resoators are stable and long lasting. The spectrum had a clear FSR of 1.18 nm. Lasing emission were found even under a low pump energy and the lasing modes were well ordered.
Conclusion
In summary, we provide an efficient and reproducible fabrication method for the micro-droplet resonators with low thresholds, high Q-factors and controllable sizes. Smooth surface and single set of longitudinal mode lasing was also achievable in small micro-droplets, of which the diameter is even smaller than 20 μm. By changing the glass electrode position and injection condition, micro-droplet arrays are expected to be produced which shows promising applications in a lab-ona-chip biosensing system.
